Introduction {#Sec1}
============

Maternal infection during pregnancy can lead to direct physiological changes in the fetal environment, which may negatively influence normal brain and behavioral development in the offspring \[[@CR56], [@CR57]\]. Indeed, prenatal exposure to infection has been identified as an environmental risk factor for the development of severe brain disorders in later life, including schizophrenia \[[@CR6], [@CR5], [@CR52]\], autism \[[@CR2], [@CR11]\], and cerebral palsy \[[@CR17]\]. Experimental investigations in rodent models of prenatal immune challenge have also provided considerable support for the biological plausibility and causality in the link between in utero exposure to infection and higher risk of postnatal brain dysfunctions (for recent reviews see \[[@CR37], [@CR43], [@CR46], [@CR66]\]. Infection-induced disruption of fetal brain development may thus predispose the organism for long-lasting structural and functional brain abnormalities, leading to the emergence of neuropathology and psychopathology in postnatal life \[[@CR3], [@CR22], [@CR38], [@CR51]\].

In addition to the prenatal maternal effects, immune activation during pregnancy may also induce significant changes in postpartum maternal factors. It is known that immunological stimulation is linked to the activation of several stress response systems, including the hypothalamic--pituitary--adrenal (HPA) axis \[[@CR23], [@CR69]\]; and that maternal physiological and/or psychological stress during pregnancy can alter postpartum maternal behavior \[[@CR34], [@CR50], [@CR63]\]. In both humans and rodents, disruption of the intricate mother--infant relationship may be a critical postnatal factor for the induction of adult psychopathological behavior \[[@CR9], [@CR10], [@CR12], [@CR49], [@CR53]\]. Hence, changes in postnatal maternal factors resulting from immunological stress during pregnancy may subject the neonate to an adverse rearing environment and thereby confer additional risk for abnormal brain and behavioral development in the offspring.

We have recently found initial experimental evidence for this possibility by showing that the adoption of control neonates by surrogate rearing mothers, which had been exposed to immune activation during pregnancy, is sufficient to induce impaired cognitive development and enhanced sensitivity to psychostimulant drugs in the fostered offspring \[[@CR40], [@CR42]\]. However, the critical postnatal factors underlying this association have not been identified yet. Specifically, it remains unknown whether gestational immune challenge is associated with alterations in postpartum maternal behavior, and whether this may be a critical mediating mechanism for altered brain and behavioral development in the fostered offspring.

Therefore, the present study was designed to explore these issues in a mouse model of prenatal immune activation by the synthetic analogue of double-stranded RNA, polyriboinosinic--polyribocytidilic acid (PolyI:C). PolyI:C mimics the acute phase response to viral infection, which is accompanied by the presence of high levels of pro-inflammatory cytokines and other mediators of inflammation \[[@CR16], [@CR21], [@CR39]\]. PolyI:C treatment also activates the HPA axis via stimulation of corticotrophin-releasing factor secretion \[[@CR44]\]. Moreover, prenatal PolyI:C exposure is known to induce to a variety of postnatal structural and functional brain abnormalities in both rats and mice \[[@CR36], [@CR38], [@CR39], [@CR40]--[@CR42], [@CR61], [@CR64], [@CR72], [@CR74]\]. Maternal administration of PolyI:C during pregnancy is thus a valuable experimental tool to study the effects of fetal brain inflammation on subsequent brain development, and to explore the influence of gestational immune challenge on postpartum maternal behavior.

In order to be able to dissect prenatal and postnatal maternal factors, we combined the prenatal PolyI:C-induced immunological manipulation with a postnatal cross-fostering design. Pregnant mice in late gestation were exposed to PolyI:C-induced immune activation or sham treatment, and offspring born to PolyI:C- and sham-treated dams were simultaneously cross-fostered to surrogate rearing mothers, which had either experienced inflammatory or vehicle treatment during pregnancy. On the one hand, we assessed postpartum maternal behavior after completion of the cross-fostering procedure; and on the other hand, we studied the effects of the prenatal and postnatal manipulations on anxiety and fear-related behavior in the fostered offspring when they reached peri-adolescence and adulthood. Unconditioned (innate) anxiety-like behavior was assessed using the elevated plus maze and open field exploration tests \[[@CR4]\], and conditioned fear was studied in the paradigm of classical (Pavlovian) fear conditioning \[[@CR19]\]. These paradigms were selected primarily because they are known to be sensitive assays for the detection of abnormal anxiety- and fear-related behaviors emerging in animals reared under deficient maternal care (see e.g., \[[@CR8], [@CR35], [@CR67]\]).

Materials and methods {#Sec2}
=====================

Animals {#Sec3}
-------

Female and male C57BL6/J breeders were obtained from our in-house specific pathogen-free (SPF) colony at the age of 10--14 weeks. Littermates of the same sex were kept in groups of three to five mice. Breeding began after 2 weeks of acclimatization to the new animal holding room, which was a temperature- and humidity-controlled (21 ± 1°C, 55 ± 5%) holding facility under a reversed light--dark cycle (lights off 07.00--19.00). All animals had ad libitum access to food (Kliba 3430, Klibamühlen, Kaiseraugst, Switzerland) and water. The breeding procedure and the verification of pregnancy have been fully described elsewhere \[[@CR36]\]. All procedures described in the present study had been approved previously by the Zurich Cantonal Veterinary Office and are in agreement with the Principles of Laboratory Animal Care (National Institutes of Health publication number 86-23, revised 1985).

Maternal immune treatment during pregnancy {#Sec4}
------------------------------------------

Pregnant dams on gestation day 17 (GD17) received a single injection of PolyI:C (potassium salt; Sigma-Aldrich, Buchs, St. Gallen, Switzerland) or vehicle. PolyI:C (5 mg/kg; calculated based on the pure form PolyI:C) was dissolved in isotonic 0.9% NaCl solution to yield a final concentration of 1 mg/ml. The dose of PolyI:C is identical to the one used in our previous studies conducted in C57BL/6 mice (e.g., \[[@CR36], [@CR39], [@CR42]\]). The gestational window (GD17) was selected based on our previous observations (e.g., \[[@CR39], [@CR41]\]) and corresponds roughly to the middle-to-late second trimester of human pregnancy with respect to developmental biology and percentage of gestation from mice to humans \[[@CR13], [@CR24]\]. All solutions were administered via the intravenous route (i.v.) at the tail vein under mild physical constraint as described before \[[@CR36]\]. The injection volume was 5 ml/kg. All animals were returned to their home cages immediately after the injection procedures and left undisturbed until the postnatal cross-fostering procedure (see below).

Postnatal cross-fostering {#Sec5}
-------------------------

On the day of birth (postnatal day \[PND\] 1), offspring born to PolyI:C- and vehicle-treated dams were culled to litters of six to eight animals each (with three to four animals per sex) and cross-fostered to surrogate rearing mothers. Male and female pups were removed from the original mother and gently placed in a cage containing sawdust bedding for a maximum of 10 min. Half of a given litter was then placed with a PolyI:C-treated surrogate rearing mother and the other half with a vehicle-treated rearing mother. Each surrogate mother thus simultaneously fostered pups originating from both prenatal treatment conditions, but not its own offspring. PolyI:C and vehicle offspring were marked on the left and right hind paw, respectively. A total of 16 litters (eight PolyI:C and eight vehicle) were cross-fostered to 16 rearing mothers, half of which had been subjected to PolyI:C exposure during pregnancy and the other half to vehicle treatment only.

The cross-fostering resulted in four experimental treatment groups (see Fig. [1](#Fig1){ref-type="fig"}): (1) offspring subjected to prenatal vehicle exposure and raised by a vehicle-treated surrogate mother (SAL-SAL), (2) offspring subjected to prenatal vehicle exposure and raised by a PolyI:C-treated surrogate mother (SAL-POL), (3) offspring subjected to prenatal PolyI:C exposure and raised by a vehicle-treated surrogate mother (POL-SAL), and (4) offspring subjected to prenatal PolyI:C exposure and raised by a PolyI:C-treated surrogate mother (POL-POL). Fig. 1Experimental design for the postnatal cross-fostering procedure. Pregnant mice on gestation day 17 were exposed to PolyI:C (*POL*; 5 mg/kg, i.v.) or saline (*SAL*) solution. On the day of birth, offspring born to PolyI:C- and saline-treated dams were simultaneously cross-fostered to surrogate rearing mothers, which had either experienced inflammatory (PolyI:C) or sham (saline) treatment during pregnancy. This cross-fostering procedure resulted in four experimental treatment groups: (1) offspring subjected to prenatal saline exposure and raised by a saline-treated surrogate mother (SAL-SAL), (2) offspring subjected to prenatal saline exposure and raised by a PolyI:C-treated surrogate mother (SAL-POL), (3) offspring subjected to prenatal PolyI:C exposure and raised by a saline-treated surrogate mother (POL-SAL), and (4) offspring subjected to prenatal PolyI:C exposure and raised by a PolyI:C-treated surrogate mother (POL-POL)

The animals were kept in a temperature- and humidity-controlled (21 ± 1°C, 55 ± 5%) holding facility under a reversed light--dark cycle (lights off 07.00--19.00), and they had ad libitum access to food and water as described above. The animal cages were cleaned once a week, beginning from the postnatal cross-fostering procedure on PND 1. This was conducted always by the same person.

Assessment of maternal behavior {#Sec6}
-------------------------------

The apparatus consisted of 16 transparent polycarbonate cages (45 × 24 × 19 cm high) filled with sawdust. On the grid top of each cage, a digital video camera (CCD B/W 500 × 500 SX200B-2; Profitronic, Aarau, Switzerland) was mounted for the purpose of video recordings. The output of the camera was fed to a multiplexer (YSQ-430, Sony, Japan) before being transmitted to a PC running the Windows XP operating system and the WINTV-2000 program for data acquisition. The multiplexer was programmed in such a way that it switched from one cage to the next every 20 s. Recording took place every 3 h, with one recording session lasting 20 min. Hence, there were a total of eight 20-min recording sessions per 24 h (starting at 02.30, 05.30, 08.30, 11.30, 14.30, 17.30, 20.30, and 23.30), with each session allowing three to four 20-s observations per cage.

The recording of maternal behavior started after completion of the cross-fostering procedure on PND 1 (see above) and lasted for one week (i.e., until PND 7). We focused on this period because maternal observations over the first week postpartum are expected to be most critical for the reliable assessment of possible differences in maternal behavior (see \[[@CR9]\]).

Maternal behavior was subdivided into the following categories, adapted from the definitions by \[[@CR30]\] and \[[@CR59]\].

**Licking/grooming** The mother is licking and/or grooming the pups, clearly recognizable by the movement of her head and/or paws.

**Self-licking/-grooming** This refers to self-directed licking and/or grooming behavior when the mother is in the nest; self-directed licking and/or grooming behavior occurring outside the nest would be scored as "off-nest" (see below).

**Eating/drinking** The mother is eating and drinking from food magazine and water bottles, respectively.

**Nursing** This refers to feeding the pups; this comprises all categories of nursing, including kyphosis (nursing the pups in a dorsal upright position, with rigid fore- and/or hindlimbs) and prone nursing (nursing the pups while lying flat on the top of the pups, with little or no limb support).

**Nest-building** The mother is moving sawdust around the nest or is preparing a new nest; in addition, moving pups from one nest to another is included in this category.

**Off nest** This is scored when the mother is somewhere in the cage without any contact to the pups; this category does not include the categories of "self-licking/-grooming", "eating/drinking" or "nest-building".

**Undefined** This is scored when it is not possible to clearly assign maternal behavior to one of the above categories.For the purpose of analysis, each individual maternal behavior was expressed as a proportion (in percent) of the total maternal behavioral scores by using the formula: \[maternal behavioral scores in one specific category/maternal behavioral scores in all categories\] × 100.

Behavioral testing of offspring {#Sec7}
-------------------------------

All offspring were weaned at PND 24. The pups were weighed and littermates of the same sex were caged separately, thereby separating the animals according to the four treatment conditions. All animals were maintained under ad libitum food (Kliba, 3430, Klibamühlen, Kaiseraugst, Switzerland) and water diet, and kept in a temperature and humidity-controlled (21 ± 1°C, 55 ± 5%) animal vivarium under a 12:12 h reversed light--dark cycle (lights off 07.00--19.00) as described before.

Experiments 1--3 were conducted in peri-adolescence, that is, when the offspring reached PND 35--45. Each of the four treatment groups consisted of subjects derived from multiple independent litters formed by the cross-fostering procedure in order to minimize potential confounds resulting from litter effects \[[@CR71]\]. Experiments 4--6 were conducted in a new cohort of experimentally naïve animals when they reached adult age (i.e. between PND 85--95). Again, the experiments included testing of offspring derived from multiple litters. All experiments included testing of male and female animals. The number of subjects employed in each of the behavioral tests is listed in Table [1](#Tab1){ref-type="table"}. Table 1Summary of the number of subjects employed in the behavioral testsExperimentsExperimental groups (prenatal treatment--postnatal rearing)Age (PND)SAL-SALSAL-POLPOL-SALPOL-POL1. Elevated plus maze5♂, 5♀6♂, 4♀5♂, 5♀5♂, 5♀352. Open field5♂, 5♀6♂, 4♀5♂, 5♀5♂, 5♀383. Fear conditioning5♂, 5♀6♂, 4♀5♂, 5♀5♂, 5♀42--444. Elevated plus maze5♂, 5♀6♂, 4♀4♂, 6♀5♂, 5♀855. Open field5♂, 5♀6♂, 4♀4♂, 6♀5♂, 5♀886. Fear conditioning5♂, 5♀6♂, 4♀4♂, 6♀5♂, 5♀91--93Neonates of saline (SAL)- and PolyI:C (POL)-treated dams were cross-fostered to surrogate-rearing mothers, which had been exposed to either saline or PolyI:C during pregnancy. This yielded four experimental groups according to a two (prenatal treatment) × two (postnatal rearing) design. Experiments 1--3 assessed anxiety- and fear-related behavior when the fostered offspring reached peri-adolescence, i.e., between postnatal days (PNDs) 35 and 44. The same subjects were used for repeated testing at the indicated order. Experiments 4--6 assessed anxiety- and fear-related behavior in a new cohort of fostered offspring when they reached adulthood, i.e., at PND 85--93. Again, the same subjects were used for repeated testing at the indicated order. The offspring were derived from 16 mothers, half of which had been subjected to PolyI:C exposure during pregnancy and the other half to vehicle treatment only. All experiments included testing of male and female animals

Peri-adolescence was defined as the period between PND 28 and 45, and adulthood was defined as the period of PND 65 onward, according to the gradual attainment of sexual maturity and age-specific behavioral discontinuities from younger to older animals \[[@CR65]\]. These two developmental stages are largely comparable between mice and rats, and correspond to a period between 11--16 and 20 years onward, respectively, in humans \[[@CR55], [@CR62], [@CR65]\].

### Elevated plus maze test {#Sec8}

The elevated plus maze was made of opaque acryl glass, and elevated at a height of 70 cm above floor level. It consisted of four equally spaced arms radiating out from a central square measuring 5 × 5 cm. Each arm was 30 cm long. Two opposing arms were enclosed by 15 cm high opaque walls from all sides except the side adjoining the central square. The other two arms were exposed and the outer rim of the open arms was guarded by a perimeter border of 1 mm. The floor of the entire maze was covered by a grey plastic inlay that could be easily removed and cleansed with water between trials. The maze was located in a dimly lit experimental room. The light level in the open arms of the maze was balanced at 30 lx. A digital camera was mounted above the maze and images were transmitted at a rate of 5 Hz to a personal computer running the Ethovision (Noldus IT, Wageningen, The Netherlands) software allowing the tracking of the subject's position.

To begin a trial, the mouse was placed in the center of the maze facing one of the open arms. It was allowed to move freely undisturbed for 5 min before being returned to the home cage. The dependent measures were (a) total distance traversed in the entire maze, (b) distance moved in the open arms, (c) frequency of open arm entries, and (d) time spent in the open arms. Frequency of arm entries and time spent in the open arms were expressed as percent scores over the total number of all (open and enclosed) arm entries, and total time spent in all arms, respectively.

### Open field test {#Sec9}

The open field exploration tests were conducted in four identical square arenas (40 × 40 × 35 cm high) made of wood and painted white. They were located in a testing room under diffused lighting (approximately 35 lx as measured in the center of the arenas). A digital camera was mounted directly above the four arenas. Images were captured at a rate of 5 Hz and transmitted to a PC running the Ethovision (Noldus, The Netherlands) tracking system.

The animals were gently placed in the center of the arena and allowed to explore for 1 h. For the purpose of data collection, the arena was conceptually partitioned into two zones: a center zone (measuring 13.5 × 13.5 cm) in the middle of the arena and a peripheral zone occupying the remaining area. The dependent measures were (a) distance moved in the entire arena, (b) number of entries into the center zone, (c) time spent in the center zone, and (d) distance travelled in the center zone. These were expressed and analyzed as a function of 10-min bins.

### Classical fear conditioning {#Sec10}

The apparatus comprised two sets of four test chambers to provide two distinct contexts. The first set of chambers (context A) comprised four Coulbourn Instruments (P.A., USA) operant chambers (Model E10-10) each installed in a ventilated, sound-insulated chest. The chamber of context A measured 30 × 25 × 29 (high) cm, but the animal was confined to an area of 17.5 × 13 cm in the center by a transparent Plexiglas enclosure. Illumination inside the chamber was provided by a house light (2.8 W) positioned on the panel wall, 21 cm above the grid floor. The grid floor was made of stainless steel rods (4 mm in diameter) spaced at regular intervals of 10 mm center to center, and through which scrambled electric foot shock at 1 s duration and 0.3 mA intensity (the unconditioned stimulus, US), generated by a shock scrambler (Model E13-14), could be delivered. The second set of chambers (context B) comprised four cylindrical (19 cm in diameter) enclosures made of clear Plexiglas and painted in light grey, rested on a metal mesh floor; each enclosure was located in a sound-insulated, wooden cabinet. It was illuminated by an infrared light source instead of visible light. All eight chambers contained a sonalert unit (Model H12-02M-2.9), which could deliver a 2.9 kHz tone measuring approximately 86 dB~A~. This provided the conditioned stimulus (CS). In addition, a miniature digital camera was mounted 30 cm directly above the center of the area of interest. The output of the camera was fed to a multiplexer (YSQ-430, Sony, Japan) before being transmitted to a PC running the NIH Image software (version 1.61) for real-time analysis. The algorithm of the freezing response detection procedure has been validated and fully described before \[[@CR58]\]. Briefly, successive digitized images (192 × 144 = 27,648 pixels, at 8-bit grey scale) obtained at a rate of 1 Hz were compared. The number of pixels differing between adjacent frames was then computed. If this was less than 0.05% of the total number of pixels in a frame, the animal was considered to be freezing in that 1-s interval.

On day 1, all animals were given three separate CS-US (tone-shock) pairings, presented at 3-min intervals, in context A. In each pairing, the 1-s shock US immediately followed the 30-s tone CS. On the day of conditioning, the amount of freezing during the three occasions of tone presentation provided a measure for the evaluation of the acquisition of conditioning.

On day 2, the animals were returned to context A. They were placed in the test chamber for a period of 6 min. This served as a test of context freezing. The expression of context freezing was indexed as percent time freezing across the 6 min period.

On day 3, CS-freezing to the tone stimulus was assessed in context B. The tone stimulus was administered 3 min after the animals were placed into the test chamber. The tone remained on for a period of 6 min, to parallel the test period of context freezing.

Statistical analysis {#Sec11}
--------------------

All data were analyzed using parametric analysis of variance (ANOVA), followed by Fisher's Least Significant Difference (LSD) post hoc comparisons or restricted ANOVAs whenever appropriate. Statistical significance was set at *p* \< 0.05. All statistical analyses were conducted using the statistical software StatView (version 5.0) implemented on a personal computer running the Windows XP operating system.

Results {#Sec12}
=======

Effects of maternal immune activation during pregnancy on post-partum maternal behavior {#Sec13}
---------------------------------------------------------------------------------------

The percent scores of each individual maternal behavior (i.e., \[maternal behavioral scores in one specific category/maternal behavioral scores in all categories\] × 100) were analyzed using 2 × 8 × 7 (prenatal treatment × daytime × days) split-plot ANOVAs.

Prenatal PolyI:C-induced immune challenge led to a significant overall reduction in licking/grooming of pups compared to prenatal vehicle treatment, as supported by the significant main effect of prenatal treatment (*F*~1,14~ = 4.9, *p* \< 0.05). As depicted in Fig. [2](#Fig2){ref-type="fig"}, this effect of the prenatal immunological manipulation was most pronounced in the first three days postpartum. Licking/grooming behavior also significantly varied as a function of daytime, with maximal and minimal levels occurring between 20.30--20.50 and 02.30--02.50, respectively. This fluctuation of licking/grooming behavior was not significantly influenced by the prenatal immunological manipulation. These impressions were supported by the presence of a significant main effect of daytime (*F*~7,98~ = 2.5, *p* \< 0.05), with no other main effects or interactions attaining statistical significance in the ANOVA of licking/grooming. Fig. 2Effects of maternal immune challenge in late gestation on postpartum maternal behavior. Pregnant mice on gestation day 17 were subjected to the viral mimic PolyI:C (*POL*) or vehicle (saline, *SAL*) treatment, and maternal behavior was assessed from postnatal days 1--7. Each individual maternal behavior was expressed as a proportion (in percent) of the total maternal behavioral scores, and is depicted as a function of postnatal days (*line plots*) as well as average over the 7-days observation period (*bar plots*). For both experimental conditions, *N* = 8. Symbol (\*) refers to a statistical significance of *p* \< 0.05. All values are means ± SEM

In contrast to pup-directed grooming/licking behavior, self-licking/-grooming was not significantly affected by prenatal exposure to immune activation (Fig. [2](#Fig2){ref-type="fig"}). For both experimental groups, self-licking/-grooming was highest at PND 1 and subsided afterwards to reach minimal levels at PND 7. This led to a significant main effect of days (*F*~6,84~ = 3.7, *p* \< 0.01). No other main effects or interactions reached statistical significance in the ANOVA of self-licking/-grooming.

In comparison with controls, however, maternal immune activation during pregnancy significantly increased postpartum nest building behavior, an effect that was most pronounced at PND 1 and 2 (Fig. [2](#Fig2){ref-type="fig"}). Statistical support for this interpretation was yielded by the significant main effect of prenatal treatment (*F*~1,14~ = 4.5, *p* \< 0.05) and its interaction with days (*F*~6,84~ = 3.1, *p* \< 0.05). Additional 2 × 8 (prenatal treatment × daytime) ANOVAs restricted to each day were then performed. These analyses confirmed that maternal PolyI:C exposure significantly increased nest building behavior at PND 1 (*F*~1,14~ = 5.7, *p* \< 0.05) and PND 2 (*F*~1,14~ = 4.9, *p* \< 0.05) in comparison with maternal vehicle treatment. In general, nest building behavior varied across daytime: Engagement in nest building was minimal at 02.30, but then gradually increased to reach maximal levels at 20.30. This daytime-dependent variation in nest building behavior was not significantly influenced by the prenatal immunological manipulation.

Maternal PolyI:C-induced immune activation during pregnancy did not exert any significant influence on nursing of pups, eating/drinking, or off-nest behavior (Fig. [2](#Fig2){ref-type="fig"}). Pup nursing was highest at PND 2 and subsided afterwards, whilst eating/drinking and off-nest scores reached maximal levels between PND 5 and PND 7 (Fig. [2](#Fig2){ref-type="fig"}). This pattern of results led to significant main effects of days in the ANOVAs of these measures (nursing: *F*~6,84~ = 8.3, *p* \< 0.001; eating/drinking: *F*~6,84~ = 3.6, *p* \< 0.01; off-nest: *F*~6,84~ = 5.3, *p* \< 0.001). All three measures also varied as a function of daytime, as indicated by the main effect of daytime (nursing: *F*~7,98~ = 2.6, *p* \< 0.05; eating/drinking: *F*~7,98~ = 4.6, *p* \< 0.001; off-nest: *F*~7,98~ = 3.5, *p* \< 0.01). For both eating/drinking and off-nest activities, maximal and minimal eating/drinking scores were obtained during recording sessions performed in the first half of the dark phase (i.e., at 08.30--08.50 and 11.30--11.50) and in the middle of the light phase (i.e., at 23.30--23.50 and 02.30--02.50) of the light--dark cycle, respectively. On the other hand, nursing activity was highest in the middle of the light phase of the light--dark cycle (i.e., at 23.30--23.50 and 02.30--02.50), and it was lowest approximately in the middle of the dark phase (i.e., at 11.30--11.50).

Effects of the prenatal and postnatal manipulations on the offspring's body weight {#Sec14}
----------------------------------------------------------------------------------

Birth

The body weight of pups in each litter was averaged per sex and analyzed using a 2 × 2 (prenatal treatment × sex) randomized block ANOVA. Maternal PolyI:C-induced immune challenge during pregnancy did not significantly affect the offspring's body weight on the day of birth (PND 1). Furthermore, no significant differences were detected between male and female pups at PND 1. The overall mean body weight (±SEM) of pups at PND 1 was 1.24 ± 0.02 g. Weaning

The body weight of offspring in each litter formed in the cross-fostering procedure was averaged per sex and analyzed using a 2 × 2 × 2 (prenatal treatment × postnatal rearing × sex) randomized block ANOVA. On the day of weaning (PND 24), the body weight of female subjects was generally lower compared to male animals, as indicated by the presence of a significant main effect of sex (*F*~1,43~ = 4.8, *p* \< 0.05). The overall mean body weight (±SEM) of female and male subjects at PND 24 was 10.10 ± 0.27 and 11.79 ± 0.23 g, respectively. In addition, a small but significant reduction in body weight was noted in offspring of mothers exposed to PolyI:C treatment during pregnancy in comparison with offspring born to vehicle-treated mothers. This effect was independent of the postnatal rearing condition and sex. These impressions were supported by the main effect of prenatal treatment attaining statistical significance (*F*~1,43~ = 4.2, *p* \< 0.05). The overall mean body weight (±SEM) of prenatally PolyI:C- and vehicle-exposed offspring was 10.14 ± 0.32 and 11.18 ± 0.20 g, respectively. No other main effects of interactions reached statistical significance. Adulthood

The body weight of offspring in each litter formed in the cross-fostering procedure was averaged per sex and analyzed using a 2 × 2 × 2 (prenatal treatment × postnatal rearing × sex) randomized block ANOVA as described before. At adult age (PND 80), the body weight of female subjects was significantly lower compared to male animals, regardless of the prenatal treatment histories and postnatal rearing condition. Indeed, the prenatal and postnatal maternal manipulations did not significantly affect the offspring's body weight in adulthood. ANOVA only revealed a significant main effect of sex (*F*~1,32~ = 73.8, *p* \< 0.001). The overall mean body weight (±SEM) of female and male subjects at PND 80 was 18.91 ± 0.37 and 23.78 ± 0.39 g, respectively.

Effects of the prenatal and postnatal manipulations on locomotor activity and unconditioned anxiety-related behaviors in peri-adolescence {#Sec15}
-----------------------------------------------------------------------------------------------------------------------------------------

### Elevated plus maze test {#Sec16}

First, we assessed the effects of the prenatal (PolyI:C exposure) and postnatal (cross-fostering) manipulations on the offspring's performance in the elevated plus maze test when they reached the peri-adolescent stage of development. Neither the prenatal nor the postnatal manipulation exerted a significant influence on anxiety-related behaviors in peri-adolescent subjects as indexed by the percent time spent in the open arms, percent open arm entries, and distance moved in the open arms. No significant main effects or interactions were obtained in the 2 × 2 × 2 (prenatal treatment × postnatal rearing × sex) ANOVA of these measures. General locomotor activity was also largely comparable between the four experimental groups, as well as between male and female subjects. Locomotor activity was indexed by the total distance moved and analyzed by identical ANOVA, which yielded no significant main effects or interactions. The means ± SEM of total distance moved, distance moved in the open arms, percent time spent in the open arms, percent open arm entries for each experimental group are provided in Table [2](#Tab2){ref-type="table"}. Table 2Summary of the effects of the prenatal and postnatal maternal manipulations on the offspring's performance in the elevated plus maze and open field exploration tests in peri-adolescenceExperimentExperimental groups (prenatal treatment--postnatal rearing)SAL-SALSAL-POLPOL-SALPOL-POLElevated plus maze Total distance moved (m)14.10 ± 2.3115.84 ± 2.0418.82 ± 3.8318.27 ± 4.99 Distance moved (m) in open arms1.17 ± 0.241.31 ± 0.181.55 ± 0.311.56 ± 0.49 Percent open arm entries29.61 ± 3.8226.34 ± 1.9728.24 ± 3.4424.34 ± 3.60 Percent time spent in open arms13.17 ± 2.639.30 ± 1.2210.68 ± 2.1811.72 ± 2.09Open field Total distance moved (m)111.09 ± 8.92119.67 ± 12.77117.77 ± 10.38107.39 ± 8.58 Distance moved (m) in center zone7.99 ± 0.889.24 ± 1.599.16 ± 0.968.68 ± 1.71 Time in center zone (s)170.96 ± 21.45200.04 ± 38.23195.70 ± 20.36195.34 ± 49.58 Center zone entries88 ± 10106 ± 19106 ± 1199 ± 20SAL-SAL, offspring subjected to prenatal vehicle exposure and raised by vehicle-treated surrogate mothers; SAL-POL, offspring subjected to prenatal vehicle exposure and raised by PolyI:C-treated surrogate mothers; POL-SAL, offspring subjected to prenatal PolyI:C exposure and raised by vehicle-treated surrogate mothers; POL-POL, offspring subjected to prenatal PolyI:C exposure and raised by PolyI:C-treated surrogate mothers. No significant group differences were detected in any of the dependent measures. All values are means±SEM

### Open field exploration test {#Sec17}

Consistent with the results obtained in the elevated plus maze test, exploratory behaviors were not significantly affected by the prenatal immunological manipulation or the postnatal rearing condition in the open field test at peri-adolescent age. The 2 × 2 × 2 × 6 (prenatal treatment × postnatal rearing × sex × 10-min bins) ANOVA of center zone entries, time spent in the center zone, or distance moved in the center zone did not reveal any significant main effects or interactions involving the between-subjects factors of prenatal treatment, postnatal rearing or sex. In all experimental groups, the amount of time spent in the center zone, center zone entries, and distance moved in the center zone decreased across the six 10-min bins, indicating habituation effects. Statistical support for this interpretation was yielded by the ANOVAs of these measures, which revealed significant main effects of 10-min bins (center zone entries: *F*~5,160~ = 34.8, *p* \< 0.001; center zone time: *F*~5,160~ = 4.2, *p* \< 0.01; distance moved in the center zone time: *F*~5,160~ = 27.57, *p* \< 0.001). There was also a clear habituation effect with a reduction of locomotor activity over time, and this was evident in all experimental groups regardless of sex. This was supported by the ANOVA of distance traveled, which revealed a significant main effect of 10-min bins (*F*~5,160~ = 144.5, *p* \< 0.001). Female subjects displayed a general increase in locomotor activity compared to male subjects, leading to the presence of significant main effect of sex (*F*~1,32~ = 8.7, *p* \< 0.01) in the ANOVA of total distance traveled. No main effects or interactions involving the between-subjects factors of prenatal treatment or postnatal rearing were revealed in the ANOVA of total distance moved. Hence, the prenatal and postnatal manipulations did not significantly influence locomotor activity as assessed in the open field exploration test. The group means ± SEM of all dependent measures in the open field test are provided in Table [2](#Tab2){ref-type="table"}.

Effects of the prenatal and postnatal manipulations on conditioned fear in peri-adolescence {#Sec18}
-------------------------------------------------------------------------------------------

### Conditioning {#Sec19}

The amount of freezing increased as a function of trials in all experimental groups as evident by the overall main effect of trials (*F*~2,64~ = 77.1, *p* \< 0.001) in the 2 × 2 × 2 × 3 (prenatal treatment × postnatal rearing × sex × trials) ANOVA of percent time freezing. The amount of freezing during acquisition of the conditioned freezing response was generally more pronounced in female animals compared to male animals, leading to a main effect of sex (*F*~1,32~ = 4.7, *p* \< 0.05). Most importantly, being raised by a PolyI:C-challenged surrogate mother increased the amount of freezing in female offspring, and this effect was largely independent of the prenatal treatment histories. Hence, enhanced freezing was noted in female mice that were subjected to prenatal vehicle treatment and adopted by PolyI:C-treated surrogate mothers (i.e., SAL-POL females) as well as in female mice that were subjected to prenatal PolyI:C treatment and adopted by PolyI:C-treated surrogate mothers (i.e., POL-POL females) in comparison with the other two groups (i.e., SAL-SAL and POL-SAL offspring) (Fig. [3](#Fig3){ref-type="fig"}a). No similar effects of the postnatal rearing condition were observed in male offspring (Fig. [3](#Fig3){ref-type="fig"}a). This pattern of results led to a significant main effect of postnatal rearing (*F*~1,32~ = 5.9, *p* \< 0.05) and its interaction with sex (*F*~1,62~ = 5.7, *p* \< 0.05). No other main effects or interactions attained statistical significance. Fig. 3Effects of the prenatal and postnatal maternal manipulations on the acquisition and expression of conditioned fear in the peri-adolescent offspring. **a** On the conditioning day, the amount of freezing (expressed as a percent of time freezing out of 30 s) during presentations of the tone conditioned stimulus is depicted as a function of trials (*line plots*) and average over the three conditioning trials (*bar plots*) for both male and female subjects. **b** The amount of freezing (as a percent of time) exhibited over a period of 6 min when the animals were returned to the same context where tone-shock pairings took place 24 h earlier is illustrated as a function of 1-min bins (*line plots*) and as an average over the 6-min period (*bar plots*). **c** The amount of freezing (as a percent of time) displayed over a period of 6 min when the animals were exposed to the same CS in a separate context 48 h following conditioning is illustrated as a function of 1-min bins (*line plots*) and as an average over the 6-min period (*bar plots*). SAL-SAL, offspring subjected to prenatal vehicle exposure and raised by vehicle-treated surrogate mothers; SAL-POL, offspring subjected to prenatal vehicle exposure and raised by PolyI:C-treated surrogate mothers; POL-SAL, offspring subjected to prenatal PolyI:C exposure and raised by vehicle-treated surrogate mothers; POL-POL, offspring subjected to prenatal PolyI:C exposure and raised by PolyI:C-treated surrogate mothers. Symbol (\*) refers to a statistical significance of *p* \< 0.05. The number of subjects in each group is listed in Table [1](#Tab1){ref-type="table"}. All values are means ± SEM

Additional 2 × 2 × 3 (prenatal treatment × postnatal rearing × trials) ANOVAs of percent time freezing restricted to both female and male subjects were then conducted. The analysis restricted to female animals confirmed that the adoption of prenatally PolyI:C or vehicle animals by PolyI:C-challenged surrogate mothers led to enhanced freezing in peri-adolescence, as indicated by the significant main effect of postnatal rearing (*F*~1,15~ = 5.7, *p* \< 0.05). The main effect of postnatal rearing was far from significant (*F* \< 1.0; n.s.) in the ANOVA of percent time freezing restricted to male subjects.

### Context-freezing {#Sec20}

The expression of conditioned freezing towards the context in which conditioning took place (context A) was assessed when the animals were returned to the conditioning chamber 24 h following conditioning. Data were expressed as percent time freezing per 1-min bin and analyzed using a 2 × 2 × 2 × 6 (prenatal treatment × postnatal rearing × sex × 1-min bin) ANOVA.

There was a general increase in the level of freezing as a function of time, leading to a significant main effect of bins (*F*~5,160~ = 2.4, *p* \< 0.05). The amount of context-freezing was generally more pronounced in female animals compared to male animals. ANOVA yielded a significant main effect of sex (*F*~1,32~ = 4.7, *p* \< 0.05) and its interaction with bins (*F*~5,160~ = 2.9, *p* \< 0.05). Similar to the results obtained in the conditioning phase, the adoption of neonates by surrogate mothers that had been exposed to PolyI:C treatment during pregnancy led to the emergence of enhanced freezing in female but not male peri-adolescent offspring (Fig. [3](#Fig3){ref-type="fig"}b). Again, this specific effect of the postnatal rearing condition was independent of the prenatal treatment histories: Increased context-freezing was evident in female mice that were subjected to prenatal vehicle treatment and adopted by PolyI:C-treated surrogate mothers (i.e., SAL-POL females) as well as in female subjects that were subjected to prenatal PolyI:C treatment and adopted by PolyI:C-treated surrogate mothers (i.e., POL-POL females) in comparison with the other two groups (i.e., SAL-SAL and POL-SAL offspring) (Fig. [3](#Fig3){ref-type="fig"}b). Statistical support for these impressions were yielded by the significant postnatal rearing × sex interaction (*F*~1,32~ = 4.4, *p* \< 0.05).

The subsequent 2 × 2 × 6 (prenatal treatment × postnatal rearing × 1-min bin) ANOVA of percent time freezing restricted to female subjects further confirmed that the adoption of prenatally PolyI:C or vehicle exposed subjects by PolyI:C-challenged surrogate mothers led to enhanced context-freezing in peri-adolescence, as indicated by the significant main effect of postnatal rearing (*F*~1,15~ = 4.2, *p* \< 0.05). On the other hand, the main effect of postnatal rearing was far from significant (*F* \< 1.0; n.s.) in the ANOVA restricted to male subjects, and no other main effects or interactions attained statistical significance in this analysis.

### Tone-freezing {#Sec21}

The expression of conditioned freezing towards the discrete tone CS was assessed in a novel context (context B) 48 h following conditioning. Data were expressed as percent time freezing per 1-min bin and analyzed using a 2 × 2 × 2 × 6 (prenatal treatment × postnatal rearing × sex × 1-min bin) ANOVA as described above.

Consistent with the postnatal maternal effects on context-freezing (see Fig. [3](#Fig3){ref-type="fig"}b), the adoption by PolyI:C-challenged surrogate mothers increased the amount of freezing to the tone CS in female offspring (Fig. [3](#Fig3){ref-type="fig"}c). Again, this effect of the postnatal rearing condition was largely independent of the prenatal treatment histories and not seen in male offspring. Hence, enhanced tone-freezing was noted in female mice that were subjected to prenatal vehicle treatment and adopted by PolyI:C-treated surrogate mothers (i.e., SAL-POL females) as well as in female mice that were subjected to prenatal PolyI:C treatment and adopted by PolyI:C-treated surrogate mothers (i.e., POL-POL females) in comparison with the other two groups (i.e., SAL-SAL and POL-SAL offspring) (Fig. [3](#Fig3){ref-type="fig"}c). These impressions were supported by the significant main effect of sex (*F*~1,32~ = 5.1, *p* \< 0.05) and its interaction with postnatal rearing (*F*~1,32~ = 4.6, *p* \< 0.05), as well as by the subsequent 2 × 2 × 6 (prenatal treatment × postnatal rearing × 1-min bin) ANOVA restricted to female subjects revealing a significant main effect of postnatal rearing (*F*~1,15~ = 4.6, *p* \< 0.05).

As illustrated in Fig. [3](#Fig3){ref-type="fig"}c, male offspring subjected to prenatal PolyI:C exposure and raised by PolyI:C-treated surrogate mothers (i.e. male POL-POL offspring) tended to display a decreased conditioned freezing response to the tone CS in comparison with male offspring in the other experimental groups. However, the 2 × 2 × 6 (prenatal treatment × postnatal rearing × 1-min bin) ANOVA restricted to male subjects did not provide statistical support for this, as it did not reveal any significant main effect or interaction involving the between-subjects factor of prenatal treatment.

The conditioned freezing response generally decreased as a function of time. This extinction effect was evident in both male and female subjects regardless of the prenatal treatment and postnatal rearing conditions (Fig. [3](#Fig3){ref-type="fig"}c). This impression was supported by the significant main effect of 1-min bins (*F*~5,160~ = 21.2, *p* \< 0.001) in the initial 2 × 2 × 2 × 6 (prenatal treatment × postnatal rearing × sex × 1-min bin) ANOVA, as well as by the presence of significant main effects of 1-min bins in the subsequent 2 × 2 × 6 (prenatal treatment × postnatal rearing × 1-min bin) ANOVAs restricted to female and male subjects (females: *F*~5,75~ = 8.4, *p* \< 0.001; males: *F*~5,85~ = 14.7, *p* \< 0.001). There were no significant interactions between 1-min bins and prenatal treatment or postnatal rearing in any of these analyses.

Effects of the prenatal and postnatal manipulations on locomotor activity and unconditioned anxiety-related behaviors in adulthood {#Sec22}
----------------------------------------------------------------------------------------------------------------------------------

### Elevated plus maze test {#Sec23}

Similar to the null effects in peri-adolescence (see Table [2](#Tab2){ref-type="table"}), neither the prenatal nor postnatal maternal manipulations exerted any significant influence on anxiety-related behaviors in the adult offspring as assessed in the elevated plus maze. The dependent measures of percent time spent in the open arms, percent open arm entries, distance moved in the open arms, and total distance moved in the entire maze were highly comparable between the four experimental groups, as well as between sexes. The 2 × 2 × 2 (prenatal treatment × postnatal rearing × sex) ANOVA of these measures revealed no significant main effects or interactions. The means ± SEM of total distance moved, distance moved in the open arms, percent time spent in the open arms, and percent open arm entries for each experimental group are provided in Table [3](#Tab3){ref-type="table"}. Table 3Summary of the effects of the prenatal and postnatal maternal manipulations on the offspring's performance in the elevated plus maze and open field exploration tests in adulthoodExperimentExperimental groups (prenatal treatment--postnatal rearing)SAL-SALSAL-POLPOL-SALPOL-POLElevated plus maze Total distance moved (m)9.56 ± 0.5610.48 ± 0.5711.34 ± 0.6410.85 ± 0.51 Distance moved (m) in open arms1.57 ± 0.461.25 ± 0.221.40 ± 0.371.16 ± 0.29 Percent open arm entries32.63 ± 4.5331.39 ± 3.9628.83 ± 3.3531.57 ± 3.86 Percent time spent in open arms27.79 ± 5.1020.76 ± 3.5518.78 ± 3.0217.52 ± 2.98Open field Total distance moved (m)123.71 ± 3.95119.25 ± 8.05112.55 ± 12.42135.54 ± 9.86 Distance moved (m) in center zone7.27 ± 0.787.56 ± 1.258.50 ± 2.188.62 ± 1.48 Time in center zone (s)137.72 ± 21.29116.92 ± 19.88163.40 ± 57.76175.94 ± 32.36 Center zone entries68 ± 767 ± 1177 ± 1984 ± 13SAL-SAL, offspring subjected to prenatal vehicle exposure and raised by vehicle-treated surrogate mothers; SAL-POL, offspring subjected to prenatal vehicle exposure and raised by PolyI:C-treated surrogate mothers; POL-SAL, offspring subjected to prenatal PolyI:C exposure and raised by vehicle-treated surrogate mothers; POL-POL, offspring subjected to prenatal PolyI:C exposure and raised by PolyI:C-treated surrogate mothers. No significant group differences were detected in any of the dependent measures. All values are means ± SEM

### Open field exploration test {#Sec24}

Consistent with the findings obtained in peri-adolescent mice (see Table [2](#Tab2){ref-type="table"}), the prenatal and postnatal maternal manipulations did not significantly influence the offspring's exploratory behavior in the open field test when assessed in adulthood. The 2 × 2 × 2 × 6 (prenatal treatment × postnatal rearing × sex × 10-min bins) ANOVAs of center zone entries, time spent in the center zone, distance moved in the center zone, and total distance traveled in the entire open field did not reveal any significant main effects or interactions involving the between-subjects factors of prenatal treatment and postnatal rearing. Furthermore, these measures were also largely comparable between adult male and female subjects: ANOVA did not obtain any significant main effects or interactions involving the factor of sex. There was a clear habituation effect in all experimental groups, with center zone entries, time spent in the center zone, distance moved in the center zone, and total distance traveled in the entire arena decreasing over time. This led to a significant main effect of 10-min bins in the ANOVAs of these measures (center zone entries: *F*~5,160~ = 28.9, *p* \< 0.001; time spent in the center zone: *F*~5,160~ = 4.6, *p* \< 0.001; distance moved in the center zone: *F*~5,160~ = 32.2, *p* \< 0.001; total distance traveled: *F*~5,160~ = 117.9, *p* \< 0.001). The means±SEM of all independent variables analyzed in the open field exploration test at adult age are provided in Table [3](#Tab3){ref-type="table"}.

Effects of the prenatal and postnatal manipulations on conditioned fear in adulthood {#Sec25}
------------------------------------------------------------------------------------

### Conditioning {#Sec26}

The amount of freezing increased as a function of trials in all experimental groups as evident by the overall main effect of trials (*F*~2,64~ = 85.8, *p* \< 0.001) in the 2 × 2 × 2 × 3 (prenatal treatment × postnatal rearing × sex × trials) ANOVA of percent time freezing. Consistent with the results obtained in peri-adolescent subjects, the amount of freezing during acquisition of the conditioned freezing response was generally more pronounced in female animals compared to male animals (Fig. [4](#Fig4){ref-type="fig"}a), leading to a main effect of sex (*F*~1,32~ = 5.2, *p* \< 0.05) and its interaction with trials (*F*~2,64~ = 7.1, *p* \< 0.001). Subsequent 2 × 2 × 3 (prenatal treatment × postnatal rearing × trials) ANOVAs restricted to female and male subjects were then performed in order to analyze the influence of the prenatal and postnatal maternal manipulations on acquisition of the conditioned freezing response in either sex. The ANOVA of percent time freezing restricted to male animals did not reveal any significant main effects or interactions involving the between-subjects factors of prenatal treatment and postnatal rearing. Hence, the acquisition of the conditioned freezing response in the adult male offspring was not affected by the prenatal and postnatal manipulations (Fig. [4](#Fig4){ref-type="fig"}a). Fig. 4Effects of the prenatal and postnatal maternal manipulations on the acquisition and expression of conditioned fear in the adult offspring. **a** On the conditioning day, the amount of freezing (expressed as a percent of time freezing out of 30 s) during presentations of the tone conditioned stimulus is depicted as a function of trials (*line plots*) and average over the three conditioning trials (*bar plots*) for both male and female subjects. **b** The amount of freezing (as a percent of time) exhibited over a period of 6 min when the animals were returned to the same context where tone-shock pairings took place 24 h earlier is illustrated as a function of 1-min bins (*line plots*) and as an average over the 6-min period (*bar plots*). **c** The amount of freezing (as a percent of time) displayed over a period of 6 min when the animals were exposed to the same CS in a separate context 48 h following conditioning is illustrated as a function of 1-min bins (*line plots*) and as an average over the 6-min period (*bar plots*). SAL-SAL, offspring subjected to prenatal vehicle exposure and raised by vehicle-treated surrogate mothers; SAL-POL, offspring subjected to prenatal vehicle exposure and raised by PolyI:C-treated surrogate mothers; POL-SAL, offspring subjected to prenatal PolyI:C exposure and raised by vehicle-treated surrogate mothers; POL-POL, offspring subjected to prenatal PolyI:C exposure and raised by PolyI:C-treated surrogate mothers. Symbol (\*) refers to a statistical significance of *p* \< 0.05. The number of subjects in each group is listed in Table [1](#Tab1){ref-type="table"}. All values are means ± SEM

In contrast, female offspring born to PolyI:C-treated mothers displayed a significant reduction in percent time freezing during conditioning compared to females born to mothers exposed to vehicle treatment during pregnancy. This effect emerged regardless of the postnatal rearing condition. Therefore, reduced percent time freezing was noted in female mice that were subjected to prenatal PolyI:C treatment and adopted by PolyI:C-treated surrogate mothers (i.e., POL-POL females) as well as in female mice that were subjected to prenatal PolyI:C treatment and adopted by vehicle-treated surrogate mothers (i.e., POL-SAL females) in comparison with the other two groups (i.e., SAL-SAL and SAL-POL offspring) (Fig. [4](#Fig4){ref-type="fig"}a). Statistical support for these impressions was yielded by the 2 × 2 × 3 (prenatal treatment × postnatal rearing × trials) ANOVA restricted to female offspring, which revealed a significant main effect of prenatal treatment (*F*~1,15~ = 4.7, *p* \< 0.05) and its interaction with trials (*F*~1,15~ = 3.9, *p* \< 0.05). No other main effects or interactions attained statistical significance.

### Context-freezing {#Sec27}

The expression of conditioned freezing towards the context in which conditioning took place (context A) was assessed when the animals were returned to the conditioning chamber 24 h following conditioning. Data were expressed as percent time freezing per 1-min bin and analyzed using a 2 × 2 × 2 × 6 (prenatal treatment × postnatal rearing × sex × 1-min bin) split-plot ANOVA as described before.

Conditioned context-freezing was generally more pronounced in female animals compared to male animals (Fig. [4](#Fig4){ref-type="fig"}b), as supported by the main effect of sex (*F*~1,15~ = 9.7, *p* \< 0.01). Consistent with postnatal maternal effects on context-freezing in peri-adolescent mice (see Fig. [3](#Fig3){ref-type="fig"}b), the adoption of neonates by surrogate mothers that had been exposed to PolyI:C treatment during pregnancy led to the emergence of enhanced freezing in female but not male offspring at adult age (Fig. [4](#Fig4){ref-type="fig"}b). Again, this effect of the postnatal rearing condition was independent of the prenatal treatment histories: Increased context-freezing was evident in adult female mice that were subjected to prenatal vehicle treatment and adopted by PolyI:C-treated surrogate mothers (i.e., SAL-POL females) as well as in female subjects that were subjected to prenatal PolyI:C treatment and adopted by PolyI:C-treated surrogate mothers (i.e., POL-POL females) in comparison with the other two groups (i.e., SAL-SAL and POL-SAL offspring) (Fig. [4](#Fig4){ref-type="fig"}b). Statistical support for this interpretation was yielded by the significant main effect of postnatal rearing (*F*~1,32~ = 5.5, *p* \< 0.05) and its interaction with sex (*F*~5,160~ = 4.2, *p* \< 0.05), as well as by the subsequent 2 × 2 × 6 (prenatal treatment × postnatal rearing × 1-min bin) ANOVA of percent time freezing restricted to female subjects revealing significance for the main effect of postnatal rearing (*F*~1,15~ = 4.6, *p* \< 0.05).

On the other hand, maternal PolyI:C-treatment during pregnancy led to a small but significant decrease in the conditioned context-freezing response in adult male subjects. Expression of the conditioned freezing response towards the context was lowest in male animals exposed to prenatal PolyI:C treatment and adopted by vehicle-treated surrogate mothers (i.e., POL-SAL males), followed by male mice that were subjected to prenatal PolyI:C treatment and adopted by PolyI:C-treated surrogate mothers (i.e., POL-POL mice) (Fig. [4](#Fig4){ref-type="fig"}b). Conditioned context-freezing was highly comparable in prenatally vehicle-exposed offspring that were adopted by either PolyI:C- or vehicle-treated surrogate mothers (Fig. [4](#Fig4){ref-type="fig"}b). This pattern of results led to a significant main effect of prenatal treatment (*F*~1,17~ = 4.9, *p* \< 0.05) in the 2 × 2 × 6 (prenatal treatment × postnatal rearing × 1-min bin) ANOVA of percent time freezing restricted to male subjects, with no other main effects or interactions attaining statistical significance.

### Tone-freezing {#Sec28}

The expression of conditioned freezing towards the discrete tone CS was assessed in a novel context (context B) 48 h following conditioning as described before. Data were expressed as percent time freezing per 1-min bin and analyzed using a 2 × 2 × 2 × 6 (prenatal treatment × postnatal rearing × sex × 1-min bin) split-plot ANOVA.

In contrast to the findings obtained in peri-adolescent mice (see Fig. [3](#Fig3){ref-type="fig"}c), the adoption of neonates by surrogate rearing mothers that been exposed to PolyI:C exposure during pregnancy did not significantly influence the adult offspring's conditioned response to the tone CS (Fig. [4](#Fig4){ref-type="fig"}c). Conditioned tone-freezing was also not significantly affected by the prenatal immunological manipulation (Fig. [4](#Fig4){ref-type="fig"}c). ANOVA of percent time freezing only revealed significance for the main effects of sex (*F*~1,32~ = 15.0, *p* \< 0.001) and bins (*F*~5,160~ = 7.9, *p* \< 0.001). The former reflects the higher level of tone-freezing in female animals compared to male animals, and the latter indicates the emergence of extinction of the conditioned tone-freezing response over time regardless of the experimental manipulations and sex (Fig. [4](#Fig4){ref-type="fig"}c).

Discussion {#Sec29}
==========

The present study demonstrates that maternal immune activation during pregnancy leads to altered postpartum maternal behavior in the form of reduced licking/grooming of pups and increased nest building activity. These alterations in maternal behavior were paralleled by postnatal maternal effects on the development of abnormal fear-related behavior in the offspring: The adoption of neonates by PolyI:C-challenged surrogate rearing mothers led to enhanced conditioned fear in the peri-adolescent and adult offspring. These postnatal maternal influences on fear-related behavior were independent of the prenatal treatment histories, because increased conditioned fear emerged in offspring adopted by PolyI:C-challenged surrogate mothers regardless of whether the neonates were prenatally exposed to PolyI:C or vehicle treatment. The null effects of prenatal PolyI:C-induced immune activation and adoption by immune-challenged surrogate mothers in the elevated plus maze and open field exploration tests suggests that the prenatal and postnatal maternal manipulations did not exert any noticeable influences on unconditioned (innate) anxiety-related behavior in the offspring \[[@CR4]\].

Increased fear-related behavior was exclusively seen in the female but not male subjects. This suggests that female offspring may be more sensitive to the negative influences of immuno-precipitated deficits in maternal care on subsequent behavioral development in comparison with male offspring. A strikingly similar conclusion can also be drawn from numerous experimental studies designed to investigate the impact of maternal exposure to stressful events during pregnancy on anxiety- and depression-like behavior in the offspring (for a recent review see \[[@CR70]\]. Specifically, increased anxiety-, fear- and depression-like behavior is more readily seen in prenatally stressed female offspring, whilst abnormal cognitive development is more prevalent in male offspring born to gestationally stressed mothers \[[@CR70]\]. However, if exposure to prenatal stress resulting from immunological stimulation during pregnancy might indeed account for the development of abnormal fear-related behavior as seen in our study, this effect would most likely be attributable to postnatal rather than prenatal maternal effects on the offspring.

The alterations in conditioned fear emerging in female offspring reared by PolyI:C-challenged surrogate mothers were arguably more pronounced when assessed in peri-adolescence as compared to adulthood. This is because in peri-adolescence, all critical measures of conditioned fear were affected by the postnatal adoption procedure, namely the acquisition of the conditioned fear response (Fig. [3](#Fig3){ref-type="fig"}a), as well as the expression of conditioned fear towards the context (Fig. [3](#Fig3){ref-type="fig"}b) and the tone CS (Fig. [3](#Fig3){ref-type="fig"}c). On the contrary, female offspring reared by PolyI:C-exposed surrogate mothers displayed a specific enhancement of conditioned fear towards the context when they were tested in adulthood (Fig. [4](#Fig4){ref-type="fig"}b). It follows that deficient maternal care resulting from immune challenge during pregnancy may have a more extensive impact on fear-related behavior in peri-adolescent relative to adult female offspring. However, the adoption-induced disturbances in the expression of conditioned fear towards a context, in which aversive associations were formed, appear to be long-lasting and persist from the peri-adolescent to the adult stage of development. Interestingly, the acquisition of the conditioned freezing response was retarded in adult subjects born to PolyI:C-treated mothers. Again, this effect was sex-dependent and only emerged in female but not male subjects (Fig. [4](#Fig4){ref-type="fig"}a). This is contrary to the adoption-induced effects on the acquisition of the conditioned freezing response in pre-adolescence (see Fig. [4](#Fig4){ref-type="fig"}a). One implication form this contrast is that the specificity of abnormalities in acquiring fear-related behavior is critically influenced by the postnatal stage of development.

Whilst there were no significant prenatal maternal effects on anxiety- and fear-related behavior in peri-adolescent offspring, prenatal immune challenge led to a small but significant reduction in the expression of conditioned contextual fear in adult male subjects. This effect was independent of the postnatal rearing condition (Fig. [4](#Fig4){ref-type="fig"}b). Hence, in addition to the influence of the postnatal rearing condition, alterations in the expression of conditioned fear can also be induced by inflammatory processes taking place in prenatal life. Notably, the prenatal and postnatal manipulations exerted opposite effects on the offspring's conditioned fear response in two ways: First, in utero exposure to immune challenge and adoption by immune-challenged surrogate mothers led to a decrease and an enhancement of conditioned fear, respectively. Second, whilst being reared by immune-challenged surrogate mothers can induce both pre- and post-pubertal changes in the acquisition and/or development of conditioned fear, the alterations in conditioned fear induced by prenatal exposure to immune challenge appear to be dependent on post-pubertal maturational processes. This latter effect is in full agreement with the previous observations that the full spectrum of prenatal PolyI:C-induced behavioral, cognitive, and pharmacological abnormalities in rats and mice emerges only after the post-pubertal stage of development \[[@CR40], [@CR42], [@CR48], [@CR72], [@CR73]\].

It is well known that mother--infant interactions are reciprocal \[[@CR20], [@CR68]\]. The rearing mother's care influences the physiological and neurobiobehavioral development of the offspring, while in turn the offspring's affiliative behavior and demands critically determine how competent maternal care will be. In our cross-fostering design, each surrogate mother concomitantly raised pups of both prenatal treatment conditions. This ensured that each surrogate mother was exposed to similar affiliative behaviors and demands originating from the pups. Therefore, we can rule out the possibility that the changes in maternal behavior observed in PolyI:C-challenged surrogate mothers may result from possible differences in affiliative behavior and/or demands between neonates born to PolyI:C-treated and control mothers \[[@CR45]\]. Rather, the identified deficits in maternal care are likely to be accounted for by the inflammation-associated processes taking place in late gestation. As already mentioned in the introduction, viral-like immunological stimulation is strongly linked to the activation of several stress response systems, including the HPA axis \[[@CR23], [@CR44], [@CR69]\]. Consistent with previous reports (e.g., \[[@CR34], [@CR50], [@CR63]\], the induction of maternal stress responses may thus represent a plausible mechanism by which postpartum maternal behavior could be affected by immunological stimulation during pregnancy. We did not find any body weight changes in offspring raised by surrogate mothers that had been exposed to PolyI:C-induced immune activation during pregnancy. This indicates that PolyI:C-induced immunological stress during pregnancy may not have affected the quantity and/or quality of milk production, which is essential for successful postnatal growth and development \[[@CR47]\]. It is also unlikely that prenatal PolyI:C exposure could have led to persistent inflammation in the maternal peripheral immune system and cytokines in the milk, because a single administration of PolyI:C is known to result in a time-limited elevation of cytokines in the host (see e.g., \[[@CR16], [@CR21], [@CR39]\].

Among the various components of postpartum maternal behavior, the immunological manipulation in late gestation most clearly affected maternal licking/grooming and nest building (Fig. [2](#Fig2){ref-type="fig"}). Individual differences among lactating rats in the frequency of maternal licking/grooming have long been recognized to exert a critical influence on the offsprings physiological and neurobiobehavioral development \[[@CR7], [@CR8], [@CR27], [@CR28], [@CR29]\]. For example, adult rats reared by mothers that naturally exhibit reduced pup licking/grooming behavior show increased behavioral and endocrine responses to stress in comparison with offspring of mothers that exhibit high rates of pup licking/grooming \[[@CR8], [@CR29], [@CR35]\]. Most importantly, offspring of mothers with reduced pup licking/grooming behavior display enhanced fear reactivity in the form of increased shock-induced freezing behavior compared to offspring raised by mothers with high rates of pup licking/grooming \[[@CR35]\]. Immunologically induced deficits in maternal licking/grooming behavior may thus also represent an important postnatal maternal factor for the precipitation of abnormal fear-related behavior in the fostered offspring as identified here. However, naturally occurring deficits in maternal licking/grooming appear to affect fear-related behavior in the offspring regardless of sex \[[@CR8], [@CR10], [@CR29], [@CR35]\]. This is in contrast with the present findings, which indicate that deficient maternal care resulting from immune activation during pregnancy preferentially affects fear-related behavior in the female but not male offspring. It needs to be further explored whether this apparent discrepancy may be attributable to differences in the experimental design (i.e., immunologically induced versus naturally occurring variations in maternal licking/grooming) and/or differences in the choice of the rodent species (mice versus rats).

As reviewed in detail elsewhere \[[@CR37], [@CR43]\], various morphological, neuroanatomical, and neurochemical effects can be identified in rats and mice subjected to in utero immune activation. The neuropathological deficits induced by prenatal immune challenge include pre- and postsynaptic changes in various neurotransmitter systems such as the central dopamine, γ-aminobutyric acid (GABA), glutamate, and serotonin systems, together with alterations in neuronal and glial cell number, structure and positioning. At least some of these changes are accounted for by prenatal rather than postnatal maternal effects on the offspring, because they emerge in prenatally immune challenged animals regardless of whether they are raised by control surrogate mothers or by gestationally immune-challenged surrogate mothers \[[@CR40]\]. In contrast to the identified prenatal maternal contributions to abnormal postnatal brain structure and function, it remains largely unexplored to date whether changes in postnatal maternal factors resulting from immunological stress during pregnancy can also induce multiple neuropathological signs in the offspring. At the present stage, we can thus only speculate about the neural and/or endocrinological mechanisms underlying the emergence of enhanced fear-related behavior following adoption by rearing mothers that were exposed to immune activation during pregnancy.

One clear possibility would be that deficient maternal care resulting from immune challenge during pregnancy negatively influences the offspring's development of brain structures crucially involved in the acquisition and/or expression of conditioned fear, especially the amygdala and hippocampus \[[@CR19], [@CR26], [@CR31]\]. The amygdala is well known for playing an essential role not only in the acquisition of conditioned freezing behavior, but also in the expression of conditioned fear towards the discrete CS \[[@CR19], [@CR26], [@CR32]\]. On the other hand, the hippocampal formation appears to provide the amygdala with information about contextual cues and is thus essential for the consolidation and expression of contextual fear \[[@CR1], [@CR19]\]. One expectation from the present results would be that the adoption of neonates by immune-challenged surrogate mothers may lead to concomitant amygdalar and hippocampal dysfunctions in the peri-adolescent offspring, because all critical measures of conditioned fear were affected at this stage of development (Fig. [3](#Fig3){ref-type="fig"}). In contrast, adult offspring raised by PolyI:C-exposed surrogate mothers may display abnormalities preferentially in the hippocampal formation, because they showed a specific enhancement of conditioned fear towards the context when they were tested in adulthood (Fig. [4](#Fig4){ref-type="fig"}b).

One alternative (but not mutually exclusive) possibility would be that the adoption by gestationally immune-challenged mothers interferes with the normal development of the offspring's stress response system, including the HPA axis. In fact, numerous studies support a crucial role of the HPA axis in the expression of conditioned fear, especially towards contextual cues \[[@CR14], [@CR15], [@CR18], [@CR25], [@CR54], [@CR60]\]. Additional studies are thus clearly warranted in order to identify possible neuroendocrinological mechanisms underlying the emergence of enhanced fear-related behavior in offspring reared by mothers that had experienced immune activation during pregnancy.

In conclusion, our results provide experimental evidence that the adoption of neonates by surrogate mothers that were exposed to immunological stimulation during pregnancy increases vulnerability for fear-related pathology in the fostered offspring, an effect that appears to be linked to changes in postpartum maternal behavior. Hence, immunological stress during pregnancy represents a significant environmental risk factor for abnormal postnatal maternal care and subsequent behavioral disorders in the offspring. Abnormal fear-related behavior is implicated in a variety of neuropsychiatric disorders, including panic disorder, phobia, post-traumatic stress disorder, and obsessive-compulsive disorder \[[@CR25], [@CR33]\]. Our findings may thus also have important implications for the identification of etiopathological mechanisms involved in the development of neuropsychiatric disorders that are characterized by fear-associated psychopathology.
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